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FOREWORD

This report descx;i_ly:/s the progress of the work conducted between
January 2 and sﬂstﬂ"z, 1966 by the Pratt & Whitney Aircraft Division
of United Aircraft Corporation, East Hartford, Connecticut, on
Contract NAS3-7635, Brayton-Cycle Turbomachinery Roller- Contact
Bearings, for the Lewis Research Center of the National Aeronautics
and Space Administration. The objective of the program is to design
and demonstrate performance of a rolling-element bearing system for

the Brayton-cycle turbomachinery being developed under Contracte
—NAS3-4179 and NAS3-6013..
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I, SUMMARY

This report presents the work completed during the third three-month
period of a design and experimental program formulated to investigate
the potential of an oil-lubricated rolling-element bearing system for
Brayton-cycle space power machinery. The technical progress, the
work accomplished and the program status for the third quarterly period,
January 2 through March 2, 1966, are presented.

During the previous report period the analysis of the rolling-element
lubrication system was completed. Analyses of alternate systems which
offer less technical risk at the expense of higher power consumption
were also completed. Designs of the turbine-compressor and turboal-
ternator on rolling-element bearings were completed during this report
perivd. The designs of the cxperimental apnaratue which will be used
to investigate the features of the lubrication systems were also com-
pleted and fabrication was initiated. Laboratory evaluation of candidate
.adsorbate materials included a 100-hour test of 13X molecular sieve
pellets with satisfactory results.
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II. INTRODUCTION

In the application of the Brayton cycle to space power sources, two types
of rotor support systems are being considered and evaluated by the
National Aeronautics and Space Administration. In one case, the rotat-
ing components are supported by gas bearings and the cycle working
fluid is used as lubricant and bearing coolant. In the other case, the
rotors are supported by rolling-element bearings which are lubricated
and cooled by oil.

The specific Brayton-cycle machinery considered in this program con-
sists of a turbine-driven compressor and a turbine-driven alternator.
These units are being designed and constructed utilizing gas bearings
under Contracts NAS3-4179 and NAS3-6013. The gas bearing version
of this machinery is shown in Figure 1. The cycle flow enters the
compressor at 76°F through the iniet duct around the nousing which voa-
tains a thrust bearing and a radial bearing. The argon is compressed
in the six-stage axial-flow compressor and then flows through the radial

- diffuser exit scroll and ducting. The argon is heated to 1490°F out-

side of the unit and is returned to the turbine inlet ducting and scroll.

A second radial gas bearing is located between the compressor exit

and turbine inlet. The argon flows through the single-stage axial-flow
turbine which drives the compressor at 50, 000 rpm. It then exhausts
through the exit ducting which connects to the two-stage alternator-

drive turbine. The 4-pole alternator is driven at 12, 000 rpm and is
supported by bearings on each side. After passing through the alternator-
drive turbine, the argon exhausts through the exit scroll and ducting.

It is cooled outside of the machinery and returned to the compressor
inlet.

The vast majority of Brayton-cycle powerplants in use in the world

today employ rolling-contact oil-lubricated bearings. In the applica-
tion of Brayton-cycle machinery to the space environment, several
significant questions require investigation to determine if rolling-
element bearings can provide a satisfactory rotor support system for this
application:

1) Can rolling-element bearings provide the endurance capability
with the high reliability required in space applications for a nominal
mission time of 10, 000 hours? .

2) Can the lubricant be cooled and circulated in a zero-gravity
environment? -~

S e
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Figure 1 Brayton-Cycle Turbomachinery Employing Gas Bearings

(Contracts NAS3-4179 and NAS3-6013)
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3) Can the lubricant system and bearing cavities be sealed with
low parasitic power losses by components with the required life cap-
ability ? '

4) Can the lubricant be prevented from contaminating the cycle
working fluid (argon)?

The purpose of this program is to design and demonstrate the perform-
ance of a rolling-element bearing system for the turbine-compressor
and turboalternator being developed under Contracts NAS3-4179 and-
NAS3-6013. The components of this rolling-element bearing system
are bearings, seals, lubrication system and gas cleanup system. The
work consists of the following four phases:

1) Design of a rolling-element bearing system that retains com-
ponents of the turbine-compressor and turboalternator (designed under

- Contracts NAS3-4179 and NAS3-6013) to as great an extent as practi-

cal with no alteration in aerodynamic design. The shaft support system

. is intended to achieve low parasitic losses commensurate with high

reliability for the full mission life.
~2) Design and fabrication of component test rigs.

3) Conduct bearing, seal, scavenge separator and adsorber per-
formance tests.

4) Conduct a pilot endurance demonstration of the rolling-element
bearing system.

Although the rolling-element bearing system encompasses the turbo-
alternator as well as the turbine-compressor, only the rolling-element
bearing system components for the turbine-compressor will be investi-
gated experimentally. The separator, which is an integral part of the
turboalternator, will be evaluated in a separate test rig as will the
residual oil adsorber.

- pAGENO. 4
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III. TURBINE-COMPRESSOR DESIGN

The purpose of the turbine-compressor design task is to provide a
rolling-element bearing system design that can be employed as an al-
ternate to the gas-bearing system being developed to support the turbine-
compressor rotor under Contract NAS3-4179. The basic objectives

and considerations for this design are 1) to use a bearing, seal, and
lubrication system that provides endurance capability for a mission

time of 10,000 hours with a high reliability potential, 2) to use a beafiug.

seal, and lubrication system that has acceptable parasitic losses, and
3) to develop a mechanical design that utilizes the existing turbine-com-
pressor aerodynamic design developed under Contract NAS3-4179 with
minimum alterations.

In the first quarterly report], the general arrangement of the turbine-
compressor with rolling element bearings was evolved and the detailed
analysis of the preloaded ball bearings was presented. In the second
quarterly reportz, the detailed analyses of the rotor dynamics were
described and thermal analyses of the bearing areas were presented.

" Also, the candidate seals were discussed. During this report period,

the design of the turbine-compressor on rolling-element bearings was
completed. This section presents a brief description of the turbine-
compressor design and additional design information including
significant stresses, material selections and clearances. A further
discussion of the seals is also included.

The Brayton-cycle axial-flow turbine-compressor consists of a six-
stage compressor driven by a single-stage turbine at a design speed of
50, 000 rpm. The turbine-compressor design incorporating rolling-
element bearings is shown in Figure 2, Argon enters the compressor
at 76°F through a duct which houses the No. 1 bearing compartment.
The working fluid discharges radially into a scroll and then is piped

to the heat source. The hot argon (1490°F) is returned to the single-
stage axial turbine through an inlet scroll and then the gas flows through
an annular diffuser to the alternator drive turbine. The No. 2 bearing
compartment is located inside the exit diffuser downstream of the tur-
bine. The compressor and turbine blading, the outer casings, and the
inlet and exhaust ducts and scrolls, are essentially identical to those
for the gas-bearing design. The rotor is of drum construction with the
turbine blades and disk integral. An integral shaft extension serves as
the support of the No. 2 bearing. The No. 1 bearing is mounted on a
separable extension of the shaft. The two bearing compartments are
similar in design, Each contains a counterbore angular-contact ball
bearing lubricated by a mixture of oil mist and argon, and cooled by

INumbered references are listed in Appendix 1.

~
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oil supplied through the shaft and flowing through grooves in the inner
race of the bearing. The cooling oil passes through the rotating seal-
plate to cool the face seal. The oil and the oil-argon mixture are pumped
from the bearing area by impeller blades on the back surface of the
sealplate. The bearings are supported by an oil film in a small annular
gap in the bearing housings. This oil film provides squeeze film support
and damping. This method of support also permits axial motion of the
No. 1 bearing housing which is spring-loaded. As a result the bearings
are preloaded in thrust to assure skid-free operation under all con-
ditions. ’

In the gas-bearing version of the turbine-compressor, the significant
stresses were analyzed. The rolling-contact bearing version of this
unit employs many of the same parts subjected to the same conditions
as in the gas-bearing configuration., Therefore, the stresses are
identical and the design margins are the same. A number of areas
are modified to accommodaie ihe rolling-contact bearing rotor-support
system and a summary of significant stresses in these areas is pre-

_ sented in Table 1. The allowable stress presented in Table 1 is gen-
erally the yield strength of the material. However, in the compressor
drum the allowable stresses are based on burst considerations, while

: creep is the criterion in the turbine.

vt bR ? o R B WS e

s oo 25 4

TABLE 1
Turbine-Compressor Significant Stresses

Allowable Calculated

Part Material Stress, psi Stress, psi
tie bolt AMS-5660 100, 000 12,700
compressor drum, lst stage PWA-1007 119,300 32,500
compressor drum, 2nd stage PWA-1007 118, 600 29, 200
’ Ay . compressor drum, 3rd stage PWA-1007 117,300 29, 250
vy WRe compressor drum, 4th stage PWA-1007 116,600 26,250
: compressor drum, 5th stage PWA-1007 115,900 26, 000
: compressor drum, b6th stage PWA-1007 115,200 25,900
turbine disc, front PWA-1007 115, 000 98, 000
turbine disc, rear PWA-1007 110, 000 88, 000
| bearing retainer nut AMS-6304 130, 000 3,700
| bearing housing ' - AMS-6304 130, 000 15,400
! bearing thrust springs AMS-5688 100, 000 52, 600
main shaft flange AMS 5660 100, 000 13,700
: main shaft spline _ ~ AMS-5660 100, 000 11,000

main shaft hub T AMS-5660 100, 000 10, 200

page NO. T
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The materials selected for the rolling-contact bearing version of the
turbine-compressor are identical with the gas-bearing version as far
as possible. For example, the turbine and integral shaft is the same
high-temperature nickel alloy in both cases. The use of the same ma-
terials in both designs is important for maintaining interchangeability
and in order to restrict the areas requiring redesign. Where new se-
lections were required in the bearing areas, the materials were selec-
ted for suitability for the function and compatibility and fit with ad oining
parts. The calculated rotor weight in the oil-bearing design is slightly
higher than in the corresponding gas-bearing design: 11.73 and 10, 64
pounds, respectively. The weight of the complete turbine-compressor
on rolling-element bearings is 223 pounds.

Of necessity, there are some differences in mechanical arrangement
between the rolling-contact bearing turbine-compressor and the gas-
bearing version. The most significant is the method of fixing the axial
location of the shaft. In the gas-bearing configuration, the thrust bearing
is located at the compressor inlet (the No. 1 location) while in the rolling-

- contact bearing unit the axial position of the shaft is fixed by the ball bear-

ing at the turbine discharge (the No. 2 location). Since preloaded ball
bearings are employed, the spring-loaded bearing must be free to move
axially to accommodate differences in thermal expansion and thermal
transients. The limited space available restricted the location of the
spring to the upstream side of the bearing in the No. 1 position and the
downstream side in the No. 2 position. The turbine-compressor may
be installed in the launch vehicle in the vertical position with the com-
pressor end up. During launch, even though the rotor is stationary,
the bearings must maintain the rotor position. Since accelerations of
up to 4.6 g are anticipated, the bearings will have to support a thrust
load of about 54 pounds. If the spring which preloads the bearing were
at the turbine discharge, and if the spring had a low spring rate, the
thrust on the rotor would be supported on the counterbore side of the
No. 1 bearing. Since only a very small shoulder exists on the counter-
bore side of the outer race to permit assembly of the bearing, this
launch load might damage the bearing. Therefore, the bearing preload
springs are applied to the No. 1 bearing and the No. 2 bearing is fixed.
With the shaft located axially at the turbine exit, the axial clearances
in the compressor were examined. With a nominal axial clearance of
0.080 inch cold, the minimum axial clearance in the compressor is
0.030 inch due to thermal transients and tolerances.

The radial position of the shaft is fixed by different techniques in the
rolling-contact bearing turbine-compressor compared with the gas-
bearing design. In the gas-bearing machinery as presently contemplated,

PAGE NO. 8




AT

AW,
é\‘
L3S

PRATT &4 WHITNEY AIRCRAFT PWA'2845

proximity probes are included and the radial positions of the bearings
are adjustable. Therefore, the bearings can be adjusted after assembly
to center the shaft based on the probe data. No provisions for bearing
radial position adjustments are included in the rolling-contact bearing
version. In this version, the bearing outer housing is supported by a
thin oil film and the second quarterly report indicated that rotor excur-
sions of about 0.0004 inch are predicted from the dynamic analyses.
The number of fits between mating parts is different in the two designs
and allowance must be made for the tolerance buildup as a result. The
radial clearances of the labyrinth seals and blade tips were examined
for the rolling-contact design and clearances 0.001 to 0.002 inch larger
are required depending on location, than are required in the gas-bearing
turbine-compressor.

In the second quarterly report the four candidate seal designs were
described and during this report period, further details were estab-
lished. The four candidate seals are 1) a dry-face seal with damped-
bellows secondary seal, 2) a wet-face seal with damped-bellows secondary

_ seal, 3) a hydrodynamic-lift face seal with damped-bellows secondary
seal, and 4) a controlled-clearance ring seal, also called a floating laby-
rinth seal.

The detail design of the dry-face seal was developed. The seal diameter
was made as small as possible to achieve lowest power con sumption and
leakage with greatest durability. A mean seal face diameter of 1.53
inches was chosen to avoid undue restriction of the shaft outside diameter
which results in a mean rubbing velocity of 335 ft/sec. To provide the
most positive protection against oil leakage across the contact face, the
choice was made to have the oil at the outer edge of the rotating interface
so that any leakage must oppose the centrifugal force of the rotating
members.

The choice of seal contact load is a function of seal dynamics, seal lip
width, and contact pressure, For the seal diameter selected and a seal’
face runout of 0.0005 inch FIR the maximum acceleration of a point on
the seal is 18 g. The weight of the seal assembly which must respond
to the sealplate runout is 0.065 lIb. The minimum allowable load on the
seal interface is the product of 18 g and 0.0065 1b, or 1.2 1b. The
selected seal lip width is approximately 0.080 inch. The contact pres-
sure on the seal face at 1.2 1b load is 3 psi. The choice of maximum
seal contact load is largely a function of seal power consumption and
durability. The value of 2.25 1b selected results in a maximum power
consumption of 200 watts at a coefficient of friction of 0.2. Seal wear
rates are extremely difficult to predict but an allowance of 0.030 inch

is provided. ‘

pacE NO. O
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The choice of bellows spring rate is largely dictated by space restrictions
and the maximum pressure differential. The pressure and diametral
limitations dictate a bellows wall thickness of 0.003 inch. Eleven full
convolutions were selected to provide a bellows stiffness of 21.2 1b/inch
which provides a satisfactory spring rate without placing serious demands
on the space restrictions. A circumferential spring-loaded strip applied
to the outside of the bellows convolutions provides damping.

The wet-face seal is similar to the dry-face seal except that a small
quantity of oil is fed to the contact area between the carbon and the
rotating plate. The details of the wet-face seal design are similar to
those of the dry-face seal except that the seal lip width is increased to
0.200 inch to provide area for the oil film and the oil feed holes. The
mean diameter at the wet seal face is 1.422 inches and the mean rubbing
velocity is 311 feet per second. The wear of the wet-face seal should be
significantly less than the dry-face seal and the power consumption
should be sumewhat lower.

Three seal configurations will be evaluated experimentally in the bearing-
" seal-scavenge rig. In addition to the dry-face seal and wet-face seal,
two candidate seal designs were considered for experimental evaluation
as the third seal. One was a face seal, Figure 3, which used spiral
grooves in the contact zone on the plate to provide hydrodynamic lift,

SEAL FACE CONTACT AREA

DA
MPER A IMPEDANCE SECTION
SEALPLATE
BELLOWS
tSEAL TE
CARBON SEAL A PLA

SECTION A-A

17T igu'x‘e 3. Hydrodynamic Face Seal
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The advantage of this lifting action is to reduce the contact force between
the carbon and the plate, reducing both friction and wear. Data was pre-
sented in the second quarterly report on the load-carrying characteristics
and gas-film stiffness in terms of gas-film thickness for a hydrodynamic
face seal in the turbine-compressor. During this period, a potential
hydrodynamic face seal analytical design was selected for this application.
.The basic arrangement of this seal is identical with the wet-face seal.

The same damped bellows serves as the secondary seal. The low-pressure
argon and oil are located on the outside of the seal while the high-pressure
gas is inside. In order to provide radial space for the spiral grooves,

“the seal lip width of 0.200 inch was retained and the same mean diameter
was selected. An outward pumping configuration was chosen to minimize
gas and oil leakage and to provide high film stiffness. The carbon lip
extends 0.061 inch radially outward hevond the spiral grooves to provide
a circumferential dam at the outer edge of the contact area (called "imped- -
ance section' on Figure 3). A gas film thickness of 0.0003 inch was se-
.Jected to provide margin between the seal resonant fi'equency and the shaft
rotational frequency. Twelve spiral grooves of 0.00095 inch depth were
selected. These grooves are at an angle of 71.7 degrees to the radial direc-
sion. The predicted power consumption of the hydrodynamic face seal is
31 watts.

The other type considered is a controlled-clearance ring seal, or floating
labyrinth seal, shown in Figure 4. This seal consists of a carbon ring
with close radial clearance with the shaft. The ring is free to move ax-
jally and, when gas pressure is applied, bears against a static wall,

In order to provide a shutdown seal, the static wall is supported by a
bellows which acts as a static seal and as a spring to close the seal a-
gainst a retaining plate on the shaft when no gas pressure is applied.
There are two advantages to this seal, 1) since the carbon does not con-
tinuously rub against a rotating part, the predicted heat generation is
only about 15 watts, 2) the bellows is essentially static diu-ing normal
operation and does not have to deflect to follow runout as in the case of
a face seal. Therefore, the possibility of bellows fatigue is reduced.
The controlled-clearance ring seal was selected as the third seal con-
figuration for test, : '

pacgeno. 11
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TRANSLATING MATING RING

METALLIC RING BELLOWS
CARBON RlNG\ ‘ /STAT|OWY cupP
ROTATING AN |- ADAPTER
RETAINING PLATE~_, | ¢ SPACER
RETAINING NUT

ROTATING SLEEVE

fSHAFT ¢
Figure 4 Controlled-Clearance Ring Seal

In the previous report several rolling-element bearing lubrication

systems were considered for the Brayton-cycle turbomachinery. For

the low-loss systems examined, scavenge pumps in the bearing com-
partments were required to make up the loss in pressure suffered by

the mixtures of argon and oil circulating through the system. One

concept, shown in Figure 2, is to utilize an impeller on the back face

of the sealplate to pump argon, which in turn would drag the oil through

the system. This configuration is estimated to be marginal when oper-
ating in a vertical position on the ground; therefore, a second configuration
based on the jet pump principle was also considered.

During this report period the jet scavenge pump concept was developed
further and a preliminary design was evolved. This scavenge pump

uses the energy imparted to the oil by the rotation of the shaft. The

oil passes through passages in the shaft and associated rotating parts

to remove heat from the bearing and the seal. The jet pump effect is
achieved by directing the oil discharged from the rotating shaft into a
narrow radial passage which serves as the throat of the jet scavenge

pump. Argon is drawn into the throat at a velocity lower than that of the oil.

pacE NO. ]2
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The oil and argon mix in the throat and a reduction in momentum in the
oil is accompanied by a static pressure increase in the argon.

A cross-section of the scavenge pump is shown in Figure 5. One con-
cern in the design of this pump is the potential difficulty in obtaining
nearly equal argon flow rates on either side of the oil jet. Since the
seal leakage is not a significant part of the argon flow, some circulating
argon flow is brought through the passages in the sealplate to the seal
side of the oil jet to provide symmetric flow at the pump inlet. The flow
passages through the sealplate impeller are backward-sloping with
respect to rotation. Small radial diffuser vanes are incorporated to
provide the best possible argon flow characteristics at the pump inlet
and to convert some of the kinetic energy in the argon to static pressure,
There will be a pressure loss in the argon passing through the pas-
sages and, to preserve symmetry, similar argon flow passages are
provided on the bearing side of the scavenge pump. The effect of the im-
peller and the vanes is a pressure loss of 0.3 psi in the argon priur io
entering the jet pump. With a tip diameter of 2. 12 inches for the oil
impeller and a conservative throat width of 0.09 inch, the theoretical
" jet pump rise in the argon is 1. 35 psi. Therefore, the predicted overall
static pressure rise in the argon is 1.05 psi. This is more than twice
the argon pressure rise anticipated in the previous configuration.

The performance of the jet pump is'particularly dependent upon the width
of the radial slot (throat). Throat widths in the range of 0. 045 to 0. 09
inch are practical for this design. If the throat width of 0.045 inch were
employed, a static pressure rise of over 2 psi would be possible. A
radial throat length of 0.2 inch is equivalent to a throat length over 0.5
inch in the flow direction (because of the tangential oil discharge), and

is sufficient to provide essentially the full static pressure rise that is
potentially available., The jet pump discharge collector is designed to be
compatible with the axial orientation of the discharge pipe in the turbine-
compressor. In order to permit throat width adjustments, the collector
scroll has a cross-sectional area which varies with angular position by
varying the axial dimension while maintaining radial dimensions. The
resulting shape of the wall on the discharged side of the collector is an
axial spiral. '

The estimated performance of the jet pump is presented graphically in
Figures 6, 7, and 8, which define the predicted pressure rise-argon
flow characteristics for three throat widths and two equivalent throat
lengths. Figures 6, 7, and 8 do not include the pressure losses intro-
duced by the argon passing through the access holes in the rotating
plate. A summary of the design relations for the jet scavenge pump is
presented in Appendix 2.

~.
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Figure 5 Annular Jet Pump Scavenge System
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Figure 6 Pressure-Flow Characteristics of Annular Jet Scavenge Pump
for Turbine~-Compressor

S
281 \

n
7
L THROAT LENGTH,L,=0.50 IN.
£ 26 % '
W Gy =60 LB/HR \\

[ X=002 :
7 A=0.0065 \
) 5| -R=00010 (THROAT WIDTH=0045 IN.)
u _
a

N
L=lo N | N
0 : 2 4 6 8 10 2

ARGON FLOW~LB/HR

Figure 7 Pressure-Flow Characteristics of Annular Jet Scavenge Pump
for Turbine-Compressor
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IV. TURBOALTERNATOR DESIGN

The turboalternator design task, like the turbine-compressor task dis-
cussed in Section III, is to design a rolling-element bearing system which
can be utilized as an alternate to the gas-bearing turboalternator design
produced under Contract NAS3-6013. Similarly, the design objectives
and considerations are 1) to use a bearing, seal, and lubrication system
that provides endurance capability for a mission time of 10,000 hours
with a high reliability potential, 2) to use a bearing, seal, and lubrication
system which has acceptable parasitic losses, and 3) to develop a
mechanical design which utilizes the existing turboalternator aerodynamic
and electric design developed under Contract NAS3-6013 with minimum
alterations.

In the first quarterly report, the 'general arrangement of the turbo-
alternator with rolling-clement bearinge was evalnated and preliminary
rotor dynamics were considered which included the effects of the over-
hung oil-gas separator. In the second quarterly report, details of the
‘oil-gas separator were developed and thermal maps of critical areas
were determined. Refinements were incorporated in the rotor design
including the bearing and seal areas. During this report period, the
design of the turboalternator for operation on rolling-element bearings
was completed. A description of the overall design and additional detail
design information concerning material selections, critical stresses,
characteristics of the bearings, and critical speeds is presented.

The turboalternator consists of a four-pole brushless inductor alternator
which operates at 12,000 rpm to produce 400-cycle per second, 3-phase
electric power. The alternator stator is cooled by liquid circulated in
the stator housing. A two-stage axial-flow turbine drives the alternator.
The turbine receives argon at approximately 1225°F from the discharge
of the turbine-compressor turbine through an annular transition duct,
after passing through the alternator drive turbine, the argon exhausts
through the exit scroll and ducting. ‘

The design of the turboalternator on rolling-element bearings is presented

in Figure 9. The alternator rotor is straddle-mounted between two
rolling-element bearings with the turbine overhung from one end and the
centrifugal argon-oil separator overhung from the other end. Between

the alternator and the turbine, the shaft is supported by a roller bearing.

The ball bearing between the alternator and the gas-oil separator provides ra-
dial support and also supports the thrust load imposed on the rotor. In order
-to minimize windage losses, the alternator cavity is maintained at approx-
imately 6 psia with argon fed from the discharge of the gas-oil separator.
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The alternator cavity is separated from the bearing cavities by labyrinth
seals which permit some leakage of argon into the bearing cavities,
The gas-oil separator is arranged so that no rotating contact seal is

.required on that end of the machine. On the turbine end of the alternator

shaft, a fac» seal similar in design to the face seals used in the turbine=~
compressor is provided. Argon bled from the compressor discharge
pressurizes the face seal and also provides a small gas flow through a
labyrinth seal past the turbine disc into the turbine gas path, which
prevents hot gas from entering the area adjacent to the turbine disc.

The turboalternator on rolling-element bearings employs many of the
same components operating in the same environment to the same stress
levels as in the gas-bearing configuration. However, a number of
alterations to the gas-bearing design were required. In order to re-
duce the linear speed of the bearing and the seal and to reduce the as-
sociated heat generated, the roller bearing is smaller in diameter than
the gas bearing. Therefore, in order to permit assembly, the turbine
disc has been modified in comparison to the gas-bearing configuration.
Also, the gas-oil separator and oil pump on the free end of the alternator

.have no counterpart in the gas-bearing version. Many of the stresses

are the same as in the gas-bearing design. However, a number of
stresses were changed and these are summarized in Table 2, The
material selections are consistent with the gas-bearing alternator wher-
ever possible and these are also shown in Table 2. As Table 2 indicates,
ample design margins are provided for the turboalternator on rolling-
element bearings, based on 0.2 per cent yield criteria for each material.

TABLE 2
Turboalternator Significant Stresses
0.2% Yield, Calculated

Part Material psi : Stress, psi
front bearing shroud AMS 5667 100, 000 32,500
front bearing support AMS 5667 100, 000 49,000
front tiebolt PWA 1202 120, 000 . 52,000
shaft at rear bearing AMS 6415 90,000 59,950
rear shaft nut AMS 5616 110,000 67,000
rear seal AMS 5667 100, 000 14,000
front retainer nut AMS 5667 100, 000 37,000
rear bearing support AMS 5667 100, 000 69,100
rear bearing inner race M-50 323,000 30,750
(axial compression)

separator housing AMS 4928 110,000 ’ 21,400
separator bolt AMS 4928 110,000 55, 650
separator dividers AMS 4928 110,000 18,900
separator dowel pins ~ AMS 5132 85, 000 44,000

separator oil scoop AMS 5570 25,000 1,730
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In addition to the stress analyses, deflections were analyzed in critical
areas. The most critical portion of the turboalternator design is the
overhung separator on the free end of the shaft. The analysis of this
area includ~d a pessimistic assumption for unbalance due to maldis-
tribution of oil in the separator. The resulting deflections are predicted-
to be small and ample clearances are provided.

A ball bearing located between the alternator and the separator provides
radial support and locates the shaft axially. In order to incorporate a
full ball complement in the bearing, to provide for a one-piece retainer
and to simplify assembly, a split-inner-ring ball bearing was selected.
The design characteristics of the selected ball bearing are summarized

.as follows:

Bearing Type Angular-contact ball bearing
with split inner ring

Oil System . Axial cooling slots on bore

of inner ring

Bearing Size 40mm bore diameter
80mm outer diameter
18mm wide

Internal Geometry , 11 balls of 0.500 inch diameter
2.40 inches pitch diameter
25-degree mounted contact
angle
53 per cent inner race confor-
mity, 52 per cent outer race con-
formity

As in the turbine-compressor ball bearings, consumable-electrode

vacuum-melted M-50 tool steel was selected for the balls and rings.

The thrust load on the rotor due to electromagnetic forces is very small.
However, the thrust load due to aerodynamic forces is approximately
70 pounds at the design conditions. The rotor weighs 44.7 pounds and,
for ground operation with the turbine end up, the thrust load on the
bearing will be 115 pounds. The radial load on the ball bearing due to
magnetic forces should be less than 20 pounds, and the mechanical un-
balance radial force should be less than 2 pounds. In the unlikely event
that the oil in the separator were to well up on one side, a radial load
of up to 35 pounds might be applied to the ball bearing. Therefore, the
maximum radial load which can be envisioned in space operation is
about 55 pounds, but the anticipated radial load is less than 20 pounds.
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Operation in the horizontal position on the ground will increase the

‘yadial force at this location due to the weight of the rotor by 22 pounds.

The ball bearing provides a predicted B-1 life well in excess of 10,000
hours over the range of load conditions anticipated. The predicted
bearing life as a function of radial load, at the design thrust load of 70
pounds, is presented in Figure 10. The use of a split inner ring implies
that the possibility exists for a bearing to wipe the unloaded half of the
inner race. This bearing can accept radial loads up to 140 pounds
without encountering this condition. Since the maximum radial load is
77 pounds based on pessimistic assumptions, ample design margin is
provided to prevent wiping.

The roller bearing is subject to smaller radial loads than the ball bearing,
since the influence of a maldistribution of oil in the separator is very
small at this location. The predicted life of the roller bearing is very
large over extensive range loads, as indicated in Figure 10, The
selected design characteristics of the roller bearing are:

. Bearing Type Cylindrical roller bearing

QOiling System Axial cooling slots on bore
of inner ring

Bearing Size 55mm bore diameter
80mm outer diameter
13mm wide

Internal Geometry 24 rollers of 6mm diameter
and Tmm length
2.70 pitch diameter
Consumable-electrode vacuum melted M-50 tool steel was selected for
the rollers and rings. '

In the first quarterly report, preliminary evaluation of the rotor critical
speeds was presented as a function of bearing stiffness. The stiffness

of the roller bearing is estimated to be 1,400,000 lbs per inch, while

the stiffness of the ball bearing is predicted to be 240,000 lbs per inch.
The critical speeds of the final rotor configuration were reanalyzed and
the results are represented in Figure 11. Two sets of curves are presented
in this figure which represent two possiblie alternatives in the design of

the separator. Since the density of the metallic gauze in the separator
will be based on experimental results, a pessimistic (heavy) separator is
represented in Figure 11, as well as a separator consistent with the
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anticipated configuration. The turboalternator has a rigid-body critical
speed at 19,000 rpm and bent-shaft critical speeds at 33,800 and 40,800
rpm, if the pessimistic separator weight is used. If the normal separator
weight is employed, the third critical speed is raised to 45,200 rpm.
There are no critical speeds in the range of the operating speed or in

the range of the equivalent electrical speed for this machine.
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V. BEARING-SEAL-SCAVENGE RIG

The performance of selected components of the oil-lubricated rolling-
element bearing system will be evaluated experimentally. Turbine-
compressor components were selected for experimental evaluation because
they were considered to be more critical than similar elements in the
turboalternator. Since the turbine-compressor bearings, seals, and
scavenge pumps are about the same size and located adjacent to each
other, one basic test rig was planned in order to test each component
separately or in combination. Two versions of the bearing-seal-scavenge
test rig have been designed: a seal test rig and a bearing-scavenge rig.
The bearing-scavenge rig can also incorporate a seal for certain tests.

During the previous report period, the design of the two versions of the
hearing-seal-scavenge rig were nearly completed?, During this report
period, the designs were completed and detail manufacturing drawings
were prepared. Raw material was obtained and fabrication of the rig
.parts was initiated.

The seal test rig design is presented in Figure 12. The shaft is driven
by an air turbine (not shown in Figure 12) and the central portion of the
rig contains jet oil lubricated bearings which support the shaft. The

test seal is mounted on the outboard end of the shaft. In the turbine-
compressor design, Figure 2, the seal is mounted inboard of the bearing
and the oil is introduced in the end of the shaft. If this arrangement
were used in the seal rig, a second shaft seal between the test rig bearings
and the test seal would be required and leakage past the second seal would
confuse the evaluation of the seal being tested. Therefore, the arrange-
ment shown in Figure 12was chosen to provide a dead-end leakage cavity.
Since the only source of oil in the cavity is leakage past the test seal,

the performance of the test seal can be accurately assessed.

In order to cool the seal, oil is introduced in the turbine drive end of
the shaft. In the design reported previouslyZ, this cooling oil passed
through two passages to the test seal area. During this report period,
the fabrication of the original seal rig shaft design was found to be un-
economical. Therefore, the shaft was redesigned to provide an annular
cooling oil passage rather than the holes employed previously. The
revised shaft design is shown in Figure 12.

The bearing-scavenge rig design is presented in Figure 13. This design

is a duplicate of the arrangement at one end of the turbine-compressor.
Oil and oil-argon mist are introduced at the free end of the shaft and pass
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through the bearing and scavenge pump in the same way as in the turbine-
compressor. The seal can be included in this arrangement if desired.
The housing on the test end of the rig and the shaft are, of necessity,

not the same as the corresponding part of the seal version of the rig,

The drive turbine and rig bearing area employ the same parts as are
used in the seal rig.
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V. SEPARATOR-PUMP RIG

The oil-gas separator and oil pump are two components, in addition to
the turbine-compressor bearing, seal, and scavenge components, which
have been selected for experimental investigation. Both components are
mounted on the free end of the turboalternator and operate at 12,000 rpm,

The separator-pump test rig has been designed to evaluate pump perfor-
mance, separator performance, and combined pump-separator perfor-
mance. The general arrangement of the separator-pump test rig, pre-
sented in Figure 14, is similar to that of the bearing, seal, and scavenge
test rigs. The rig is driven by an air turbine and the test components
are overhung from an intermediate housing. The rig configuration
presented in Figure 14 combines a scoop pump and a separator section.
Initial separation will be accomplished at the scoop pump where the
bearing compartment scavenge gas-oil mixture is introduced, filling the
shaft reservoir with oil. Oil is pumpedfrom the shaft reservoir to the
-accumulator by the scoop pump and the gas, oil vapor and overflow oil
flow into the separator. In the separator the oil and gas are separated
by centrifugal forces. The separated oil is pumped along the sloping
outer wall and discharged forward towards the bearing compartment,
while the argon is discharged from the rear of the separator and is
piped out of the compartment. The test rig is designed to evaluate pump
and separator designs individually as well as simultaneously.

During the previous report period, the basic arrangement of the separator-
pump rig was developed and the critical speeds were evaluated2, During
this report period, the design was completed and detail manufacturing
drawings were produced. Raw material for the rig parts was procured.
The procurement process was started for the rig parts.
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Vil. ADSORBER PROGRAM

The lubricant for the rolling-element bearings must be segregated from
the high-purity main Brayton-cycle argon system. The design concept
being pursued under this contract utilizes a combination of face seals
and labyrinth seals to accomplish this separation. Some argon leaks
through the face seals into the bearing compartments and this bleed
argon must be returned to the main cycle. To prevent contamination
of the primary cycle gas, the returning leakage gas must be purified.
Qil in the form of droplets will be removed from the gas in a centrifugal
separator which will also cool the gas to reduce the oil vapor partial
pressure. Final purification of the argon will be accomplished by
passing the gas through an adsorber bed prior to returning it to the main
cycle at the compressor inlet. Primary emphasis is being placed on the
use of molecular sieve materials in the adsorber bed for removal of
lubricant from argon. The molecular sieve materials are alkali metal
aluminosilicates which have been conditioned by removal of the water of
- hydration.

As reported previously 1,251 adsorber test rig has been designed and
constructed to evaluate molecular sieve materials for this application.
The test rig consists of a vaporizer, a swirl separator, and an adsorber
column. Argon is bubbled through heated oil in the vaporizer to produce
a mixture containing argon, oil vapor, and entrained oil. The gas-oil
mixture leaving the separator is cooled to 100°F, corresponding to
system adsorber inlet design temperature. This cooling causes precip-
itation of finely-divided oil particles in the gas stream which remain
suspended in the stream. The gas stream is passed through a swirl
separator prior to entering the adsorber test section to remove entrained
oil droplets. This separator simulates the function of the centrifugal separator
attached to the turboalternator. After leaving the separator, the gas
stream which contains some oil passes through the adsorber column.,

The configuration of the test rig is shown in Figure 15. The tubing con-
necting the vaporizer to the adsorber column as well as the adsorber
eolumn are wrapped with electrical resistance tape to provide the heat
necessary for temperature control of these components.

Adsorption evaluation tests of Linde 4A and 13X molecular sieve materials
have been made. The previous report2 presented the results of tests of
these two materials in powder form having particle size corresponding

to 60-80 mesh., A third test has been conducted using approximately

40 grams of 1/16-inch diameter Linde 13X molecular sieve pellets in the
adsorber column. The 13X pellets were conditioned at 300°C for 15 hours
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prior to the start of the test. The test rig vaporizer was charged with
PWA-524 5-ring polyphenyl ether oil and was operated at 350°F, The
adsorber bed column was maintained at 100°F during the test which was
operated for a period of 100 hours at an argon flow rate of approximately
1 liter per minute., The results of the analysis of the oil distribution

for the adsorber material in this test is as follows:

Portion of Grams of Oil Micrograms of
Column Adsorbed Oil per Gram of Argon

first 1/8 0.238 21

second 1/8 0.029 2.6

third 1/8 0.008 0.71

fourth 1/8 less than 0. 0004 less than 0. 04

cumulative fifth

through eighth less than 0. 0004 less than 0.04

A test was conducted to determine the saturation capability of the 1/16-
inch diameter 13X molecular sieve pellets for adsorption of PWA-524
"five-ring polyphenyl ether oil. A weighed quantity of the 13X pellets
were soaked in PWA-524 oil and subsequently desiccated at 200°F over
wire screen and filter paper for 50 hours, The weight of oil adsorbed
per gram of 13X molecular sieve pellet material in this test was deter-
mined to be 0.3305 gm.

In the rolling-element bearing lubrication system discussed in the second
quarterly report, the pressure drop across the adsorber bed determines
the argon pressure in the bearing compartments, which determines the
pressure difference across the face seals. In order to minimize oil
weepage through the face seals, a high pressure difference should be
maintained which requires a low pressure drop across the adsorber.
Therefore, tests were conducted to determine the pressure drop with
various adsorber configurations. Adsorber columns were fabricated
with static taps located 10 inches apart near the inlet and discharge of
the column. Three adsorber columns were constructed with inside
diameters of 0.41, 0.87 and 1. 34 inch. A photograph of one adsorber
column setup for pressure drop tests is shown in Figure 16. The
pressure drop results using this apparatus with an argon flow rate of 1
liter per minute are:
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Inside Diameter Molecular Sieve
Tube No. of Tube, Inch Form Pressure Drop, psi
1 0.41 1/16-inch dia. 13X pellets 0.018
2 0.87 1/16-inch dia. 13X pellets 0.010
3 1. 34 1/16-inch dia. 13X pellets 0.001
1 0.41 60-80 mesh 13X power 1.5

No unusual phenomena were observed during these tests. Evidently the
pellet form of the adsorber material provides much lower pressure drops
than the powder form.

Since the Linde 13X material in pellet form provides satisfactory adsorp-
tion characteristics and offers a significant pressure drop advantage,

this material was selected for the 1000-hour adsorber test. The test

rig configuration for the 1,000-hour adsorber endurance test was designed
and the necessary apparatus was fabricated and assembled. The dia-
"meter of the adsorber column for this test was increased over that of the
100-hour test rig column to provide a ratio of minimum bed diameter to
pellet diameter of 20 to 1. A Pyrex tube having a 1. 31 inch inside dia-
meter was selected for the adsorber bed container., The length of the
column was also increased over that of the 100-hour test column to
approximately 33 inches. Pressure taps have been provided at the inlet,
midpoint, and discharge of the bed so that pressure drop measurements
across the bed can be made during the 1,000-hour test. The design flow
of argon through the bed corresponds to the mass flow rate per unit cross-
sectional area that was used in the 100-hour adsorber tests. Dual mani-
fold vaporizer and swirl separators have been incorporated into the 1, 000-
hour adsorber endurance test rig so that these units can be serviced with-
out interrupting the test. In addition, the size of the swirl separator was
increased to accommodate the increased argon flow rate. A total hydro-
carbon analyzer has been incorporated in the endurance test rig to moni-
tor the argon flow for oil content leaving the adsorber bed. This analyzer
will be used periodically to determine if any oil is being discharged from
the adsorber. The argon leaving the adsorber column flows through a trap
intended to collect all of the oil leaving the bed. At the end of the 1000-
hour test the contents of the trap will be measured to determine the total
quantity of oil which has been discharged from the adsorber. A photo-
graph of the 1000-hour adsorber endurance test rig is presented in

Figure 17. |
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APPENDIX 2

Basic Relations for an Annular
Jet Scavenge Pump

The jet scavenge pump basically consists of a passage in which high
velocity liquid is centrally injected and low velocity gas enters on each
side of the liquid. This type of pump is represented in a simplified
schematic in Figure 18. In the actual pump, the liquid is shed from a
rotating impeller and enters a radial passage. The radial velocity of
the liquid is very low but the tangential velocity is essentially the wheel
speed of the impeller, which is about 400 to 500 feet per second. A
representative liquid velocity vector diagram at the entrance to the
throat of the pump is shown in Figure 19. The schematic diagram of
the pump, Figure 18, is a representation in the liquid flow direction
which is nearly tangential. The liquid enters the passage at high
velocity and the gas enters at low velocity. After some distance, the
shear between the liquid and the gas reduces the liquid velocity to
essentially the same velocity as the gas. Since the gas is flowing in the
equivalent of a duct of nearly constant area, and since the liquid occupies
a very small portion of the volume, the bulk of the energy transferred
from the liquid to the gas produces a static pressure rise in the gas.

The pertinent assumptions made in the following analysis are:

1) identical pressures and temperatures exist for the two phases
at a given section of flow,

2) the gas phase is insoluble in the liquid phase,

3) isothermal conditions,

4) argon gas conforms to the ideal gas law, and

5) the losses incurred from oil discharge to the constant-area
throat entrance are negligible. '

Design Equations

At any point in the mixing section of a small section of length dx from the
actuating and the entrained jet, the velocities change by dc; and dcp,

and the pressure by dp. The application of the momentum equation to

the actuating and then to the entrained jet gives
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Figure 19 Representative Velocity Triangle for Annular Jet Scavenge Pump

PAGE NO. 42



PRATT & WHITNEY AVRCRAFT PWA-2845

21 dc, +Ap dp +dF;=0 (1)
8¢

%?_ dcy + (A, - Ay ) dp - dF; + dFy = 0 (2)
C

where dF; = effective drag force at the interface
dFy = force due to inner wall friction

The effective drag force in a small element Zjdx of the boundary
surface between actuating and entrained jet is

dP = 7 Z;dx (3)

where 7 = apparent shearing stress
Z; = interface wetted perimeter

For two dissimilar fluids the apparent shearing stress is defined as
follows:

T = 2Xx 4C1 pl-(;z 02 (Cl-C

- )
2 +/ey/ s +\/pz/p1 B¢ 2

The force due to inner wall friction is represented by the equation

)
2g

dFy= A

cg Z,4dx } (4)
c

whereZy= wetted perimeter of mixing section

The cross-section of the mixing throat is taken to be rectangular.
Combining Equations (1) and (2) with the above definitions of dF| and
dFy gives for the change in velocity with respect to throat distance

de; K, -K, (5)

dx 1€ o
1 - =2 2( .be1 )]
g [ . WOP\- = Ra)
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where a = wa 9
b=Ap p, /144
(RC) = a/(bc;-k)
k Wl pZ
NM e A

_ B 3/, e M
Ky ® oo cl('&‘l W_2_(120))(1 - (RC))(pl - 5, (RC))-E-
B = 2x '
AR VARV VI

K, =

¢ (RC)?

The pressure rise in the throat is given by the equation

w1 w AN M A2 6
AP = AT (c10 = ¢c1) - T (cz2 - €20) = 173 A; ge C20 2 X (6)
acl
where C2= g(_:—l_:T

Equation (5) can be solved numerically using the Runge--Kutt:a-Gill1 system
for solution of a first-order differential equation. The pressure rise
in the throat can then be readily obtained from Equation (6).

Discussion

The basis for the equations given above was NACA Technical Memo
No. 9822. However, the work here has modified the equations to
allow for the 2 component-2 phase flow system.

The effective dragging force in Equation (3) is a function of the friction
coefficient between two moving fluid layers, X . This coefficient
significantly affects the results. Therefore, it is desirable to be able
to determine the value of X as accurately as possible.

1Gin, s., Proceedings of Cambridge Philosophical Society, Volume 47,
p- 96, 1951

2Flugel, G., NACA Technical Memo No. 982, July 1941
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Flugel stated that X, according to recent findings (circa 1939), averages
0.10. In his development he assumesXto be constant. However, he
admits that it actually varies. Schlichtingl comments on the variation

of a correlation coefficient (similar toX) as a function of radial distance
in the throat. Due to the expansion of the primary fluid in the throat,

X also varies as a function of throat length. If reliable experimental
data exist, a correlation betweenXand throat distance can be devised (this
has been done for a liquid-liquid system with satisfactory results).

For lack of any experimental data, X for the present development has
been taken to be constant. For the range of X 's tested, the maximum
pressure rise is affected only slightly, however, the corresponding
throat length is significantly changed. The following table is repre-
sentative of the sensitivity of pump performance to the magnitude of
cz/cl for a typical pump geometry and operating condition

Pressure Rise Throat l.ength Velocity Ratio
X (AP;) max Lt ca/ey
0.02 5.2698 0.432 0.9929
0.10 5.2930 0.180 0.9993
0.20 5.2963 0.108 0.9995

For the design of the jet scavenge pump a conservative value of

X = 0,02 was selected. As a result, the design throat length may be
longer than necessary to accomplish full pressure rise, However, the
increase in friction pressure loss that may result is small.

1 Schlicting, H., Boundary Layer Theory, McGraw-Hill Book Co.,
New York, 1960, p. 466
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NOMENCLATURE
Definition

cross-sectional area

velocity
force
acceleration of gravity

circumferential length
length

dimensionless flow ratio
pressure rise

dimensionless area ratio
weight of fluid per second
length

wetted perimeter

skin friction factor
density

shear stress

interfacial friction factor

Definition

interface
liquid

constant-area throat

wall
throat entrance

actuating (oil) jet

entrained (argon) jet
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Units
. 2
in
ft/sec

1b
lbmftllbfsecz
in.

in.

psi

lb/sec
in.
in.
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1b/in2
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